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CHANDRA OBSERVATION OF THE MERGING CLUSTER A168: A LATE STAGE IN THE EVOLUTION OF A COLD 
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ABSTRACT 

We present Chandra observations of the cool cluster A168, for which previous X-ray imaging and optical 
studies indicated a merger of two subclusters nearly in the plane of the sky. We derive a temperature map for 
A168, which shows that the merger has proceeded beyond the core passage and is near subcluster turnaround. It 
also reveals an unusual feature — the gas core of one of the subclusters forms a tongue-like structure extending 
ahead (in the direction of motion) of the subcluster center. The coolest cluster gas is found in a crescent-shaped 
region at the tip of this tongue, and forms a cold front in pressure equilibrium with the external gas. In contrast 
with this feature's forward location, previously observed merger cold fronts (e.g., A3667, 1E0657-56) lagged 
behind their host subclusters, as expected in the presense of ram pressure. We propose that A168 illustrates 
a much later stage in the evolution of a cold front, when its host subcluster approaches the apocenter of the 
merger orbit where the ram pressure on its gas drops sharply. As a result, a large chunk of the subcluster gas 
"slingshots" past the dark matter center, becomes unbound from the subcluster and expands adiabatically, as 
seen in some recent hydrodynamic simulations. 

Subject headings: Galaxies: clusters: individual (A168) — intergalactic medium — X-rays: galaxies 



1. INTRODUCTION 

Galaxy clusters form via infall and merger of larger sub- 
units. Such mergers generate a wealth of transient hydrody- 
namic phenomena in the intracluster gas that can be studied in 
X-rays, most notably shocks (e.g., Schindler & Miiller 1993; 
Burns 1998; Ricker & Sarazin 2001). In addition, typical 
clusters have dense gas cores that appear to be able to sur- 
vive a merger and form the prominent contact discontinuities, 
or "cold fronts", revealed in Chandra high-resolution X-ray 
images of many merging and relaxed clusters (e.g., Marke- 
vitch et al. 2000; Vikhlinin, Markevitch & Murray 2001b; 
Markevitch, Vikhlinin, & Mazzotta 2001; Kempner, Sarazin, 
& Ricker 2002). Cold fronts are seen as sharp edges in the 
cluster X-ray images and temperature maps. The brighter side 
of the jump has a lower gas temperature than the faint side 
by a ratio similar to the density jump, indicating rough pres- 
sure balance across the front. This distinguishes cold fronts 
from the less frequently observed bow shock discontinuities 
in which the hotter side is also denser. Cold fronts are in- 
terpreted as a boundary of a dense subcluster core moving 
through a hotter ambient medium (Markevitch et al. 2000), 
though the term is often used to refer to the entire cold re- 
gion. This phenomenon provides novel tools to study the 
cluster physics. For example, cold fronts are very sharp, with 
a width smaller than the electron Coulomb mean free path, 
which places severe upper limits on electron diffusion and 
thermal conduction across the front (Vikhlinin et al. 2001b; 
see also Ettori & Fabian 2000). A cold front in A3667 also 
indicates a parallel magnetic field is necessary to stabilize it 
against the onset of hydrodynamic instabilities (Vikhlinin et 
al. 2001a). Merger cold fronts have been reproduced in re- 
cent hydrodynamic simulations (e.g., Bialek, Evrard, & Mohr 
2002; Nagai & Kravtsov 2003; Mathis et al. 2003), although 
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with limited spatial resolution. 

This paper analyzes Chandra observations of A 168 (z = 
0.045). Earlier X-ray imaging of A168 with Ein stein IPC re- 
vealed irregular struc ture indicative of a merger JUlmer et alJ 
1992; Jones & Fo rman 1999). The ends of its extended X-ray 
structure coincide with two galaxy subclusters, the northern 
of which is dominated by a cD galaxy UGC 00797 and has 
few other members, while the rich southern subcluster has no 
dominant galaxy (Fig. la). More evidence of a merger is pro- 
vided by a recent detailed optical study which shows that the 
redshift distributions of the two subclusters differ significantly 
jYang e t al. 2004). This interesting merger, apparently occur- 
ring near the plane of the sky, is the subject of this Chandra 
study. We use Ho=7Q km s~' Mpc~' and quote 90% confidence 
intervals throughout the paper. 

2. DATA ANALYSIS 

Two ACIS-I observations of A168 were done in 2002 Jan- 
uary and November for 40 ks and 37 ks, respectively. The 
first pointing covered the northern region of the cluster, in- 
cluding the cD galaxy, and the second covered the southern 
X-ray elongation and overlapped with the first pointing. Our 
analysis procedure largely follows Markevitch & Vikhlinin 
(2001). The background was modeled using blank-sky files 
from the Chandra calibration database. A correction for the 
low-energy absorption caused by the ACIS contamination 
buildup (Plucinsky et al. 2003) was included in the ARFs. 
Point sources were masked out. The two offset pointings were 
co-added; the resulting combined ACIS image is overlaid on 
the DSS plate in Fig. la. 

To study the global properties of the cluster, we extracted 
a 0.8-6 keV spectrum from a r = 10' circle around the sur- 
face brightness centi'oid (q;=01:15:01, (5=h-00:20:26) Using 
the Galactic absorption column Nh = 3.48 x lO^'' cm"^, we 
obtained T^ = 2.8 ±0.1 keV, and a chemical abundance of 
0.30 ±0.05 relative to solar. This temperature is in good 
agreement with the earlier Ei nstein MPC measurement of 
2.6;!;o5 ^^^ iPavid et al.lll993l ). However, as is seen below, 
the cluster is highly non-isothermal. 
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Fig. 1 . — (a) Contours of 0.8-6.0 keV Chandra X-ray brightness (linear spacing; image smoothed by cr = 24"), overlaid on Palomar Digitized Sky Survey 
optical image of A168 field, {b) Projected temperature map (colors) overlaid with the image contours. 



2.1. Temperature Map 

We derived a projected temperature map by creating clus- 
ter images in 5 energy bands, 0.8-1.3-2-3^-6 keV. These 
images were each adaptively smoothed by a Gaussian in the 
a = 20" - 60" interval using an identical smoothing pattern. 
The flux values for each energy at each image pixel were fit by 
a MEKAL model with absorption set to the Galactic value and 
the chemical abundance set to the overall cluster value. The 
resulting map is shown in Fig. \b, overlaid on the brightness 
contours. To check the significance of the temperature varia- 
tions, and to look for abundance variations, we also extracted 
spectra from 12 regions of the image (Fig. 2) and performed 
the usual spectral fitting with either fixed or free abundances. 
No significant abundance variations are detected. Figure 2 
shows the fits with fixed abundances; there is good agreement 
with the smooth temperature map. 

The most striking feature in the temperature map and the 
X-ray image is the cool crescent-shaped region in the north. 
It does not coincide with the gas density peak approximately 
at the position of the cD galaxy, which would make it simi- 
lar to many cooling flow clusters. Rather, it lies at the tip of 
the prominent tongue-like X-ray brightness feature extending 
200 kpc north of the cD and ending with an apparent cold 
front. We will discuss this "northern front" in more detail be- 
low (©. 

Other interesting features in the temperature map include a 
cool region at the southern subcluster (region 9), a cool arm- 
like eastward X-ray extension (region 2), a symmetric cool 
feature less prominent in the X-ray image (region 10), and 
hotter areas on either side of the central brightness ridge (re- 
gions 3, 12 and part of 11). An important thing to note is that 
the temperature map does not show a characteristic hot region 
between the merging subclusters, such as we would expect if 
they were approaching each other at present (e.g., Ricker & 
Sarazin 2001; Belsole et al. 2003). 

3. DYNAMICAL STATE OF A 168 

In a recent study of the A 168 member redshifts, Yang et al. 
(2004) show that the galaxies near the northern X-ray peak 



and the southern X-ray elongation separate into statistically 
distinct groups. They conclude that the northern and south- 
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Fig. 2. — X-ray brightness contours overlaid with numbered spectral ex- 
traction regions. Underneath is plot of fitted temperature from spectra ex- 
tracted from these regions. Dotted line is global cluster temperature fit. The 
two angled lines originating in region 5 are the sector border for the annular 
regions used for radial profiles. 
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Fig. 3. — (a) 0.8-3.0 keV X-ray brightness profile across the northern front. Regions extracted for this profile use concenfiic annular sectors cut at the lines 
indicated in Fig. 2. Solid line is the brightness profile resulting from the projected best-fit spherical density model shown in {b). Density is in arbitrary units, (c) 
Temperature profile across the same front. Solid lines are the combined single temperature fits for all interior and all exterior regions, respectively. Vertical line 
indicates location of best-fit density jump, (d) Pressure profile generated from multiplication of the density model with the fitted spectral temperatures at each 
point. Solid lines indicate the pressure from the combined temperature fits inside and outside the jump, dashed lines are the eiTors for those. Units are arbitrary. 



ern galaxy subgroups are on a collision course roughly in the 
plane of the sky. However, since the line of sight orientation 
of the subclusters is unknown, the determination of the di- 
rection of their relative motion from the redshift data alone is 
ambiguous, so the Yang et al. scenario for A168 is not unique. 

The new X-ray data suggest a more likely scenario for the 
merger stage and geometry. The presence of the "northern 
front" indicates a motion of the northern subcluster in the 
northern direction (i.e., away from the other subcluster), ei- 
ther at present or very recently. An interpretation which bet- 
ter fits this observation, as well as the lack of shock-heated 
gas between the two X-ray peaks in our temperature map, is 
that the A 168 subclusters have already passed one another at 
least once. Simulations, e.g., by Ricker & Sarazin (2001) and 
iMathis eta l. (2003), support this interpretation. Immediately 
after one pass of subclusters, they predict an elongated ap- 
pearance of the X-ray surface brightness and a ridge of cooler 
gas be tween the subcluster centers. In addition, Mathis et al. 
(|2003') predict the qualitative features of the northern front 
very well; this is further discussed in ^ 

In this late merger scenario, the marginally cooler south- 
ern subcluster (region 9 in Fig. 2) is an analog to the northern 
front, although not quite as prominent. The morphology of the 
temperature structure is qualitatively similar, in that the cold 
gas is displaced toward the tip of the X-ray elongation. The 
slightly hotter gas on the two sides of the cluster axis (regions 
3 and 12) could be what remains of the shock-heated gas be- 
tween the colliding subclusters that has had time to expand 
adiabatically as those subclusters have moved apart. The cool 



eastern arm in region 2 may have analogs in A3667, where 
a similar feature was interpreted as a large-scale eddy created 
by Kelvin-Helmholtz instability (Mazzotta et al. 2002), and in 
simulations by Ricker & Sarazin. 

4. THE NORTHERN FRONT 

To Study the pressure across the northern brightness edge, 
we extract a surface brightness and temperature profile from 
concentric elliptical annular regions (with the ellipse selected 
to follow the brightness edge) inside and outside the edge, 
confined to the sector between the two lines on Fig. 2. The 
0.8-3.0 keV surface brightness in this sector is plotted in Fig. 
3a. The solid line is a projection of the best-fit spherically 
symmetric (in the interesting region of space) density model 
that consists of two power-law radial profiles and an abrupt 
jump at a certain radius (Fig. 3b), all of which were free pa- 
rameters. To compare the model to the brightness profile, we 
projected it and took into account the different emissivity due 
to the accompanying temperature change (see below). The 
best-fit density jump is a factor of 2.2;!;y4. The brightness 
jump is not as sharp as in some other clusters, with a tran- 
sition region of roughly 30" or 27 kpc, a factor of a few wider 
than the upper limit on the width of the unresolved front in 
A3667 (Vikhlinin et al. 2001b). A possible explanation is a 
small nonzero angle of the subcluster velocity from the sky 
plane (e.g., Mazzotta et al. 2001). 

A temperature profile across the edge is derived in wider an- 
nular regions in order to include sufficient counts. Since the 
edge is not particularly sharp, the inner and outer spectral re- 



gions are separated by a 30" gap to avoid contamination of the 
outer regions by contribution from the brighter inner region. 
We performed an approximate deprojection of the contribu- 
tion of the outer, hotter spherical regions to the inner spectra, 
using the density model fitted above. This resulted in a small 
temperature correction for the bins nearest to the edge. Fig- 
ure 3c shows the resulting temperature profile. Also shown 
are a simultaneous fit for the spectral regions inside the edge, 
r = 1 .35 ± 0. 1 keV, and for the outer regions, T = 2.5![J;^ keV. 
The individual bins are consistent with these averages on both 
sides of the jump. The ratio of these temperatures is 1.9^o3, 
the reverse of the density jump obtained above, which clearly 
identifies this feature as a cold front. 

The temperatures and the density model provide a pressure 
profile across the front (Fig. 3(f), which shows that thermal 
pressure is continuous within the errors. This indicates that 
the present velocity of the cool gas relative to the ambient gas 
is consistent with zero, with a 90% upper limit on the Mach 
number of M < 0.7 assuming a stationary flow (e.g., Vikhlinin 
etal. 2001a). 

What makes the cold front in A 168 unusual is that the gas 
is apparently not driven by, or lagging behind, the associated 
galaxy subcluster (Fig. la). This is in contrast to 1E0657- 
56 (Markevitch et al. 2002; Clowe et al. 2004) and A3667 
(Vikhlinin & Markevitch 2002), the two cold fronts where 
the subcluster mass centroid could be located. The gas is ex- 
pected to lag because, unlike dark matter, it is affected by the 
ram pressure of the ambient gas. Instead, the cool gas in A 168 
lies ahead of the cD galaxy that should be the center of the lo- 
cal gravitational potential. 

The development of fronts like the one in A 168 is predicted 
by simulations (most clearly those by Mathis et al. 2003) 
when a cool dense subcluster emerges from the collision site 
and is near its apocenter, but no clear physical explanation 
for such detachment was proposed. The simple explanation 
which we propose is one in which the ram pressure from the 
motion of the subcluster through the ambient medium initially 
pushes the gas backwards from the dark matter core centered 
on the cD galaxy, and it trails the dark matter as in other clus- 
ters. However, once the subcluster approaches the apocenter 
of its orbit, the ram pressure drops sharply due to the com- 
bination of reduced ambient gas density and lower subcluster 
velocity. At this point, the gas which was trailing the dark 
matter core "slingshots" past it (driven in part by the gas in- 
ternal pressure and in part by the subcluster's gravity) into the 
still lower density medium, while the underlying dark matter 
core turns around. The leading part of the gas core becomes 
unbound from the subcluster, expands, cools adiabatically and 



forms the cold tip we observe in A 168. 

Heinz et al. (2003) predicted that the motion of a subcluster 
through a cluster medium should generate gas flows inside the 
subcluster which transport gas to its front edge, which alone 
should produce a crescent-shaped cool region near the front, 
just as observed in A3667 (Heinz et al.) and in our cluster A 
combination of this process and the ram pressure "slingshot" 
proposed above fully explains the structure and location of the 
northern front in A 168. 

The A 168 front resembles a cool-tipped gas tongue in 
A754, which was proposed to be the result of the gas 
"sloshing" out of a su bcluster at an advanced merger stage 
JMarkevitch et al.l l2003). Unlike the messy A754, A168 is 
simple and shows this process more clearly. 

An interesting implication of our A 168 observation is that 
it shows how a large chunk of the cool subcluster gas unbinds 
from the subcluster and deposits itself into the ambient gas. 
Since it is in pressure equilibrium and has zero velocity rela- 
tive to the ambient gas, it will persist there for a long time as 
a distinct region (e.g., Mathis et al. 2003). This shows that a 
merger is inefficient in mixing the different gas phases. 

5. SUMMARY 

We have analyzed Chandra observations of a merging clus- 
ter A 168. The cluster brightness and projected temperature 
distribution suggest that the two subcluster cores have passed 
one another and are in the process of turning around. The 
coolest cluster gas is found at the tip of an interesting tongue- 
like structure, which extends ahead of the northern subclus- 
ter (i.e., away from the merger center) and ends with a cold 
front. This cold front differs from those observed earlier (e.g., 
in A3667 and 1E0657-56) which lag behind their host sub- 
clusters due to the ram pressure effects. A168 presents the 
first example of a cold front at a late stage of its evolution, 
when the subcluster reaches its apocenter, the ram pressure of 
the ambient gas sharply decreases and the leading part of the 
subcluster gas core "slingshots" ahead of its host dark matter 
concentration, expanding adiabatically and forming an offset 
cool region. According to simulations (Mathis et al. 2003), 
this cool gas will remain there as a distinct region as the dark 
matter subcluster falls back. 
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